Objective: To investigate whether subjects with low reported relative energy intake differ from those with higher relative energy intake according to characteristics such as obesity, physical activity, and macronutrient composition of the diet. Design: Cross-sectional data from a cohort study employing a semi-quantitative food frequency questionnaire (SFFQ). To determine energy intake relative to BMR the ratio of reported energy intake (EI) to BMR was used and categorized by quintiles. Setting: East German (Potsdam) cohort of the EPIC study (European Prospective Investigation into Cancer and Nutrition) Subjects: 2862 women and 2356 men taking part in the EPIC-Potsdam study from January 1st to December 31st 1995. Results: A signi®cant declining trend could be observed for BMI, percentage of body fat, and body weight from the lowest to the highest quintile of EIaBMR. BMR was slightly decreasing, whereas physical acitivity was slightly increasing with quintiles of EIaBMR. Absolute macronutrient intake was directly related to EIaBMR. Percent macronutrient intake indicated lower fat intake, and higher carbohydrate and protein intake in low energy reporters. Energy adjusted macronutrient intake by the residual method showed no dependencies on EIaBMR. Conclusions: Underestimation of energy intake is related to obesity and affects the relation of macronutrients in the reported diet. This implies, that the assumption of adequate ranking of subjects by a SFFQ cannot be maintained. Energy adjusted intake values according to the residual method should be employed in diet-disease risk analysis since they were found to be independent of the methodological in¯uence of underreporting.
Introduction
In large-scale nutritional epidemiological studies often semiquantitative questionnaires are applied to assess habitual dietary intake. Generally, food frequency questionnaires were developed for measuring variance in dietary intake and for relative ranking of subjects rather than to estimate absolute amounts of dietary intake since quantitative measurement errors cannot be ruled out (Willett, 1990) . However, it is assumed that systematic bias applies to all subjects with the same probability.
Results of various studies employing different methodologies and investigating different populations showed that underestimation of dietary intake seems to be a common problem of questionnaire or recording based measurement instruments (Lichtman et al, 1992; Lindroos et al, 1993; Johnson et al, 1994) . Studies, using the doubly labeled water technique for direct validation of energy intake data under free-living conditions con®rmed self-reported dietary intake being prone to underreporting . Findings of other studies suggested that underestimation is a differential phenomenon depending on certain subjects' characteristics. Besides age, gender, dietary restraint or social class (Lafay et al, 1997; Pryer et al, 1997; Hirvonen et al, 1997) in most studies obesity was found as a determinant of underreporting (Lichtman et al, 1992; Lilienthal Heitmann, 1993; de Vries et al, 1994) . Other studies reported that some food items are particularly susceptible to be underreported (Flegal et al, 1990; Fricker et al, 1992; Bingham, 1994) . Such reporting bias may lead to differential misclassi®cation and generate misleading associations between dietary exposure and the disease under study (Prentice, 1996) . Therefore, for research questions concerning the association between intake of speci®c macronutrients and a certain outcome it is crucial to know whether underreporting affects reported energy intake as well as intake of macronutrients. However, in most studies where underreporting is of concern the effect on total energy intake is evaluated rather than the effect on macronutrient or food intake. Goldberg et al (1991) introduced the relation of reported energy intake (EI) to basal metabolic rate (BMR) as a criterion by which underreporting can be detected. The authors based their concept on calorimetry and doubly labeled water studies, where a direct relationship between BMR and body weight was observed. Recent analyses by Black et al (1996) , combining direct measurements of total energy intake and BMR of different studies, con®rmed these observations. The aim of the present study was to investigate whether subjects with low reported energy intake, indicated by a low ratio EIaBMR, differ from subjects reporting high relative energy intake according to certain characteristics such as obesity, physical activity, and composition of dietary intake. With respect to dietary intake we were particularly interested in the effects of reported low relative energy intake on macronutrient composition of the diet and whether the proportions of nutrient intake change with increasing or decreasing relative energy intake (EIaBMR). The data were collected within the East German contribution to EPIC (European Prospective Investigation into Cancer and Nutrition) (Riboli, 1992) .
Subjects and methods

Subjects
The East German cohort of the EPIC-Study includes men aged 40±64 y and women aged 35±64 y, living in Potsdam and adjacent communities. Recruitment addresses were obtained from the respective population registration of®ces of the municipality in the selected areas.
The current analysis was restricted to those study participants who were invited to the cohort study from January 1st to December 31st, 1995. During that period 23 300 people were invited by mail to take part in the study. 7016 people gave written informed consent, completed all examinations, ®lled in the questionnaires, and attended a computerized interview. Among those were 1798 subjects who reported weight changes of more than ®ve kilograms during the past two years. These subjects were excluded from analysis because they were not considered to be in energy balance. Finally, the investigated study population consisted of 5218 subjects (2862 women and 2356 men). Approval for all study procedures was given by the Ethical Committee of the State of Brandenburg, Germany.
Methods
Dietary questionnaire
A self-administered, semi-quantitative food frequency questionnaire (SFFQ) was the basic instrument for assessment of habitual dietary intake in the cohort. The questionnaire consisted of 148 food items and included additional questions regarding the consumption of sauces and fat content of certain food items. Some items of the group`fresh fruit and vegetables' were inquired and calculated by season. Questions on general consumption patterns were added to the questionnaire and subsequently used to adjust consumption frequencies indicated in the questionnaire. The SFFQ was mailed to the study participants 10 d before the basic examination at the study center, with the note to bring the ®lled in questionnaire to the study center. In the study center the SFFQ was read by an optical scanner and thereby checked for missing information and plaus-ibility by a computer program. Missing or implausible information was requested during the participants' stay at the study center. This procedure resulted in complete and consistent dietary information on each participant. Nutrient and energy intake was calculated from food intake derived by the SFFQ using data from the German Federal Food Code (Polensky, 1989). The consumed quantity was obtained by multiplying portion size with the corresponding consumption frequency.
Reliability and relative validity of the SFFQ was investigated in a pilot study (Bohlscheid-Thomas et al, 1997a,b; Boeing et al, 1997) . This study revealed reliability estimates for energy and macronutrient intake with correlation coef®cients of about 0.60±0.70. Validity relative to twelve 24 h recalls was also found to be comparable to other instruments of this type: correlation coef®cients, controlled for within-person variation in recall data, were 0.40±0.42.
Other lifestyle information
Other lifestyle information was inquired by a second selfadministered questionnaire and a computerized interview conducted by trained interviewers. These instruments included questions about socio-demographic characteristics, physical activity, and occupation used in the current analysis.
Physical activities which comprised of gardening, housework, and manual work at home in hours per week during winter and summer season. These activities were quantitatively summarized and combined to the variablè domestic work'. A second variable`sports' represents hours per week spent with sporting activities only. Physical activity level at work was covered by self-assessment into the categories`low',`medium', and`high'.
Anthropometry
Anthropometric measurements included weight, height, waist and hip circumferences, skinfold measurements (biceps, triceps, subscapular, suprailiac), and chest breadth and depth. Body weight was measured without shoes and with participants only wearing light underwear to the nearest 0.1 kg. Percentage of body fat was calculated according to Durnin & Womersly (1974) . Fat free mass was calculated as body weight minus fat mass, body mass index (BMI) as body weight divided by height squared. The coef®cient of variation for inter-and intra-observer effect for most anthropometric measures, except skinfolds, and for the composite parameters, was shown to be below 5% (Klipstein-Grobusch et al, 1997).
Relative energy and nutrient intake Energy intake was considered in relation to basal metabolic rate (BMR) and expressed as the ratio of reported energy intake (EI) to basal metabolic rate (BMR). BMR was calculated for each subject by the equations of Scho®eld et al (1985) including age and weight. Since the variability of BMR is to a large extent determined by age and body composition, this ratio was considered as a measure of relative energy intake already adjusted for these physical characteristics (Cunnigham, 1980) .
As suggested by FAOaWHOaUNU (1985) , energy requirements can be estimated by multiplying BMR with a factor representing physical activity (PAL), that is calculated as total energy expenditure (TEE) divided by BMR. In the absence of weight loss or weight gain, the ratio EIaBMR must be equal to TEEaBMR or the PAL-value, respectively. Therefore, the ratio EIaBMR can be used to estimate the validity of reported energy intake.
Subjects were allocated into quintiles of EIaBMR to compare`low energy reporters' with`high energy reporters'. Low ratios describe subjects reporting comparatively low energy intake relative to their energy requirements. Nutrient intake was investigated in relation to the ratio EIaBMR. Energy adjustment was performed by two methods, that are both supposed to lead to equivalent results with respect to representing nutrient intake relative to total energy intake. One method was the`energy density' method, that expresses intake of each macronutrient as percentage of total energy intake. The other method was the`residual method' that was proposed by Willett & Stampfer (1986) and uses the residuals obtained by regressing absolute nutrient intake on total energy intake.
Statistical analysis
Study participants were classi®ed into quintiles of EIaBMR. Distribution of anthropometric and dietary variables across quintiles of EIaBMR was evaluated by calculating the means of these variables for each quintile. To test for linear trend across EIaBMR categories a linear regression model was used and, in case of ordinally scaled variables, the Cochran±Mantel±Haenszel statistics (Cochran, 1954; Mantel & Haenszel, 1959) . All tests for trend were controlled for age, BMI, physical activity, and smoking status. In order to estimate the association between BMI and reported energy intake Spearman rank correlation was applied.
The statistical calculations were performed separately for men and women utilizing the SAS statistical software (SAS Institute, Cary, NC, USA; release 6.10). Table 1 shows sociodemographic characteristics of the study population. Mean age was 53.4 ( AE 7.7 s.d.) y in men and 50.2 ( AE 9.1 s.d.) y in women. About half the men and one third of the women had an university degree. Most of the men and women were married and had a fulltime occupation. Part time occupation was more frequent in women compared to men. Among men (21.1%) and among women (15.6%) were current smokers. Most of the women (13.5%) indicated of having never smoked regularly and most of the men (42.0%) of having quit smoking.
Results
Mean values of anthropometric characteristics and physical activity by quintiles of EIaBMR are presented separately for men and women in Tables 2 and 3 . A signi®-cantly declining trend from the lowest to the highest quintile was seen for BMI, percentage of body fat, and weight. Mean BMR was slightly decreasing from the bottom to the top quintile as well as body weight. The Spearman rank correlation coef®cients between BMI and EIaBMR were found to be 7 0.30 (P`0.001) in men, and 7 0.27 (P`0.001) in women. Between BMI and EI the correlation coef®cients were 7 0.10 in men (P`0.001) and 7 0.11 (P`0.001) in women. Time spent with sports and domestic work was slightly increasing with quintiles of EIaBMR indicating that a more active lifestyle was associated with higher energy needs. Sociodemographic characteristics such as education, occupational status or marital status was not found to be related to the ratio EIaBMR (data not shown).
Tables 4 and 5 give mean energy and macronutrient intake, expressed as absolute values, energy adjusted values by the residual method, and as percentage of total energy intake. Absolute energy intake increased across quintiles in accordance with absolute macronutrient and alcohol intake. Macronutrient intake adjusted for total energy intake by the residual method remained almost stable within categories of EIaBMR. In contrast, when macronutrient intake was expressed as percentage of total energy intake, differences depending on relative energy intake (EIaBMR) could be observed: fat intake was increasing with quintiles of EIaBMR, while carbohydrate intake was decreasing as well as protein intake. Percentage of energy from alcohol consumption was lower in the upper quintiles for men and women. Fat to carbohydrate ratio was increasing across relative energy intake categories, independent of the applied energy adjustment method.
Discussion
It was found that relative energy intake (EIaBMR) was inversely related to obesity indicating that a considerable part of the study participants were likely to underestimate dietary intake. Lower physical activity level did not explain lower energy intake levels. The association between relative energy intake and nutrient intake across quintiles was dependent on the method of expressing dietary intake. Energy intake was, as expected, directly related to absolute macronutrient intake. Compared to low energy reporters high energy reporters exhibited an increased percentage of fat contributing to total energy intake, and a lower proportion of carbohydrates and protein. When nutrient intake was expressed as energy adjusted values using the residual method, no evidence was found for relative energy intake being related to nutrient intake. Although further characteristics had been found to be associated with underreporting by others our data did not indicate that other factors except obesity were consistently related to the ratio EIaBMR.
The results of this investigation refer to the cohort population ®rst, that represented 30% of the general population. Even if we cannot rule out a selection bias entailed with such a participation rate the study population represented a wide range of socioeconomic, anthropometric and dietary characteristics. All statistical analyses were based a Controlled for age, BMI, physical activity, smoking; *(P`0.05); **(P`0.01); ***(P`0.001). b Activites: gardening, housework, manual work at home. 11.2 (7.9) 11.2 (7.0) 11.7 (7.4) 11.9 (7.4) * Sports (haweek) 0.9 (1.5) 0.7 (1.2) 0.9 81.5) 0.8 (1.4) 1.0 (1.8) n.s. Physical activity level at work (% subjects)  low  66  65  65  63  59  *  medium  31  32  34  34  36  high  3  3  2  3  5 a Controlled for age, BMI, physical activity, smoking; *(P`0.05); **(P`0.01); ***(P`0.001). b Activities: gardening, housework, manual work at home. Is dietary intake data affected by underreporting S Voss et al reliability and validity (Willett et al, 1987; Longnecker et al, 1993; Goldbohm et al, 1994) . However, limitations in quantitative assessment of food intake over a prolonged time period may affect the validity of a SFFQ. Such limitations might result in an underestimation of dietary intake due to an inadequate list of food items, inadequate quanti®cation of portion sizes, or recording errors of respondents resulting in missing data (Bingham, 1987) . The EPIC-Potsdam SFFQ is comprehensive, comprising almost 150 food items, and includes series of coloured pictures for portion size estimation, a method that has been shown to improve data quality (Lucas et al, 1995) . In addition, completeness of intake data was ensured by reading and processing questionnaire data with an optical scanner and correcting errors and blank ®elds, utilizing a computer program, in the presence of the participant. Questions on consumption frequencies of some general food items (bread, vegetable, meat etc.) were added and used to correct consumption frequencies of the questionnaire items. Therefore, although some limitations remain inherent in the nature of a SFFQ, the questionnaire is highly likely to basically provide valid data of dietary intake. Goldberg et al (1991) calculated minimum cut-off limits for energy requirements, based on PAL-values established by FAOaWHOaUNU (1985) and on measurements of total energy expenditure by whole body calorimetry and the doubly labeled water technique. The authors used these cutoff limits as an external validator to identify energy intakes implausible for habitual energy intake. They concluded that energy intakes below a PAL-value of 1.35 are very unlikely to represent longterm habitual dietary intake. A PAL-value of 1.2 represents minimum survival requirements allowing only very little movements.
Some population based studies already validated their dietary intake data by using the formulas of Goldberg et al (1991) . In the National Health and Nutrition Examination Survey III (NHANES III) 23% of the participants were considered to have underreported dietary intake, when reported energy intake data were compared to the very conservative cut-off value of 0.9 (Briefel et al, 1997) .
Energy intake data from the`Dietary and Nutritional Survey of British Adults' were evaluated by the cut-off limit of 1.2 and suggested underreporting in 29% of men and 46% of women (Pryer et al, 1997) . In a Finnish study, reported energy intakes below cut-off 1.28 were seen in 42% of the men and 47% of the women (Fogelholm et al, 1996) . Rothenberg et al (1997) found more than 50% of subjects reporting energy intakes below a ratio EIaBMR of 1.52 in a cohort of 70 y old Swedish men and women. In the present study the overall mean EIaBMR of 1.47 for men and 1.49 for women was close to the average value of 1.55 for men and 1.56 for women suggested by FAOa WHOaUNU (1985) . We refrained from applying speci®c cut-off values to validate our dietary intake data, because our dietary instrument is considered to be semiquantitative, and because a wide range of individual energy requirements exists in a large free-living population, with PALvalues ranging from 1.2 in extremely inactive subjects (subjects con®ned to bed or a wheelchair) to values of 2.2 or greater in very active individuals or athletes. This could be demonstrated by doubly labeled water measurements of total energy expenditure . Variation in total energy expenditure is determined by BMR and physical activity and, additionally, by some other factors like metabolic ef®ciency, smoking, and health status. Most of these variables cannot be determined in large-scale epidemiologic studies or they are assessed just crudely. A large individual variation of BMR is evident from doubly labeled water data for subjects of the same weight, age category, and sex (Shetty et al, 1996) . The prediction equations for BMR are only imperfect estimates of true BMR. Therefore, applying very narrow cut-off limits in a large, heterogenous sample might be misleading. Even if we did not apply a speci®c cut-off limit to identify underreporting, we found a considerable part of subjects reporting low energy intake. About 40% of individuals showed a ratio of EI to BMR lower than 1.35 despite acceptable PAL-means on group level.
Apart from BMR, physical activity is a major determinant of total energy expenditure. A low level of physical activity resulting in lower energy requirements might be an alternative explanation for low ratios of EIaBMR. However, according to our data low energy reporters do not spent essentially less time with activities like housework, gardening etc. The reduced sport activities compared to subjects reporting higher energy intakes, being observed in our sample, were not able to account for a signi®cantly lower energy intake. Results by Shetty et al (1996) showed that by 30±60 min of active sport 4±5 times a week, PALvalues could not be increased by more than 0.3 units. In our data the observed EIaBMR difference of 1.2 units between quintiles of lowest and highest energy reporters were not associated with an equivalent duration of vigorous exercise. However, major support for our statement regarding underreporting resulted from the fact that subjects reporting the lowest relative energy intakes showed the highest BMI on average. This observation stands in contrast to ®ndings from doubly labeled water measurements that were able to demonstrate increasing energy expenditure with an increase in body weight . No or even inverse relations between relative weight and reported energy intake were observed by other studies as well (Romieu et al, 1988; Hulten et al, 1990; Ballard-Barbash et al, 1996) . Underreporting of food intake dependent on obesity was suggested as the most likely explanation for the con¯icting ®ndings regarding reported energy intake on one hand and energy requirements on the other hand. Although results from most studies consistently show that underreporting is more likely in obese subjects, it is also evident that obese subjects do not necessarily underestimate energy intake (Bandini et al, 1990; de Vries et al, 1994) . Normalweight subjects were also among the underreporters and underreporting may be related to other factors as well (Fogelholm et al, 1996; Pryer et al, 1997; Rothenberg et al, 1997) . Independent of the individual characteristics that were related to underreporting, underreporting is observed in many dietary studies and raises the question about the quantity and the quality of non-reported components of the diet.
As energy is provided by macronutrients it is selfevident that variations in absolute energy intake are directly related to absolute macronutrient intake. Therefore, it was necessary to investigate macronutrient intake independent of absolute energy intake. For that purpose different methods have been described that might be suitable for different research questions and models of risk assessment (Willett et al, 1997) . A frequently used method to express macronutrient intake relative to energy intake is to calculate the percentage of energy that is provided by a speci®c nutrient in the diet (nutrient density method). By use of this method we found that nutrient intake was associated with the ratio EIaBMR. Low energy reporters reported a lower proportion of fat and a higher proportion of carbohydrates and protein in their diet than high energy reporters. Usually it is necessary to consume a high absolute amount of fat to meet high energy needs (Poppitt & Prentice, 1996) . Therefore, subjects reporting higher energy intakes were supposed to consume more fat relative to carbohydrates. In our data this was con®rmed by a positive association between percent fat and total energy intake and by an increasing fat to carbohydrate ratio across EIaBMR-quintiles. A lower percentage of energy from fat in the diet of low energy reporters could be explained by the phenomenon that low absolute fat intake resulted in low total energy intake, for example due to misreporting high-fat foods. Results of other studies suggested such a disproportionate underreporting of fat, but the ®ndings were not consistent. Lissner & Lindroos (1994) found no evidence for differential underreporting of macronutrients dependent on obesity by comparison of 24 h recalls with dietary history interviews. Rutishauser (1995) reported that higher percent carbohydrate in the diet was associated with obesity and low EIaBMR when weighed dietary records were evaluated. In contrast, the same authors found no differences in nutrient intake obtained by a food frequency questionnaire. They concluded that pattern of reporting bias depends on the respective dietary method. Nydahl et al (1996) also observed lower percent fat intake in subjects with low relative energy intake.
Results of the`Dietary and Nutritional Survey of British Adults' reported by Pryer et al (1997) also showed different dietary patterns in low energy reporters compared to high energy reporters. In this study lower percentage of energy from carbohydrates and higher percentage of energy from protein, ®bre, monounsaturated and polyunsaturated fatty acids was found in low energy reporters. In a recent study by Rothenberg et al (1997) macronutrient intake obtained by the dietary history method was investigated in relation to EIaBMR. Percent energy from fat was lower in low energy reporters and proportion of protein in the diet was higher. Lafay et al (1997) con®rmed a higher percentage of protein intake in underreporters by 3 d dietary records in a French study. In contrast to these studies Hirvonen et al (1997) found in a Finnish population that the mean proportion of energy intake from macronutrients was not affected by excluding underreporters from the analyses. The same observations were made in an Australian study (Smith et al, 1994) .
As long as there is no information, derived from a`gold standard', about the true consumption pattern it remains dif®cult to distinguish a systematic, disproportionate underestimation of nutrient intake from differences in the relative proportions of macronutrients due to higher energy requirements. The dependence of the nutrient density method on the variability of energy intake in relation to the variability of nutrient intake was described earlier by Willett & Stampfer (1986) . They claimed that dividing nutrient intake by total energy intake will create a variable that is still related to total energy intake. Therefore, nutrient intake will be confounded by total energy intake in a situation where energy intake is associated with the investigated outcome. For this reason energy adjustment based on regression techniques was proposed by Willett & Stampfer (1986) . In this procedure individual nutrient intakes are regressed on the respective total energy intake. Such regression approach usually yields positive relations between total energy and macronutrients. The residuals from the regression represent the relative deviation of individual reported nutrient intake from nutrient intake predicted by total energy intake. This energy adjustment method allows a comparison of subjects' nutrient intakes independent of variations in energy intake and independent of being classi®ed into the categories of low or high energy reporters. Our ®ndings showed that macronutrient intakes, adjusted for total energy intake by this method, were not dependent on the parameter EIaBMR. This indicated that subjects reporting low energy intake and most likely underestimating their energy intake have the same probability of being classi®ed into certain nutrient intake categories as subjects reporting high relative energy intake. Therefore, energy adjustment was also proposed to compensate for the effect of measurement error in dietary assessment (Willett et al, 1997) .
Conclusions
If it is true that underreporting is related to obesity on one hand and affects dietary patterns on the other hand, the assumption of adequate ranking of subjects by a SFFQ cannot be maintained. Recent studies tried to improve the accuracy of their data by excluding subjects with implausible low energy intakes from the analysis (Macdiarmid et al, 1996; Summerbell et al, 1996; Anderssen & Ro Èssner, 1996; Gibson, 1996) . This procedure lead to the exclusion of a high percentage of obese subjects and therefore might result in attenuated associations between exposure and outcome. Moreover, this procedure does not consider potential underreporting in subjects found with energy intake above the de®ned cut-off limit.
If estimates of relative risk are to be obtained in an investigation concerned with diet-disease relationships, the ®ndings of our and other studies require to include BMI or related measures of obesity into the statistical model. Due to the relationship between underreporting and obesity, including obesity into the analysis appears to be obligatory even if BMI is not de®ned as a confounder with respect to the diet-disease relationship. However, even this extended statistical model will not allow to estimate simultaneously the effect of obesity and energy intake on risk correctly, because the biological interaction between absolute food intake and obesity is mixed with methodological effects. It will be a future task to ®nd statistical solutions for this problem if we like to proceed with the current methodology in obtaining dietary data. This analysis revealed that, currently, the choice of using nutrient intake data for investigating their relation to disease risk is limited. Energy adjusted values, using the residual method, were found to be independent of methodological effects of underreporting and should be used for risk analysis, at least if the interest is in intake of a single nutrient related to a certain outcome independent of total energy intake. Variables describing the composition of a diet in terms of the relative proportion of energy that is provided by a nutrient, absolute macronutrient intake values, and total energy intake were heavily in¯uenced by underreporting which itself was associated with obesity.
